Monocytes and monocyte-derived macrophages have been recognised as the cellular hallmark of atherosclerosis decades ago. Recently, they have also been shown to play a pivotal role in obesity. Monocytes display immunophenotypic heterogeneity with functionally distinct subpopulations. We initiated the I LIKE HOMe study to examine monocyte heterogeneity in obesity and subclinical atherosclerosis.
Introduction
Obesity is a worldwide growing epidemic with enormous medical and socioeconomic impact. Decades ago obesity has been described as a strong cardiovascular risk factor in observational studies. 1 However, scientific focus was laid only recently on obesity research, and the underlying mechanisms connecting obesity and atherosclerosis are still poorly understood. In contrast, the pathogenesis of atherosclerosis has been studied extensively and fundamental knowledge about the involved processes has been gained. In atherosclerosis, monocytes and monocyte-derived macrophages are the cellular hallmark. 2 After initial injury, endothelial cells secrete proinflammatory molecules which attract circulating monocytes to the nascent lesion. Within the lesion, these monocytes differentiate into macrophages, which take up modified lipoproteins and produce cytokines and chemokines that attract and activate smooth muscle cells, additional monocytes, and T-cells. 2 -4 Heterogeneity among human monocytes was first described two decades ago. 5 According to their surface expression pattern of the LPS receptor CD14 and the FcgIII receptor CD16, three human monocyte subpopulations can be defined: CD14 þþ CD16 2 cells, CD14 þþ CD16 þ cells, and CD14 (þ) CD16 þ cells. The latter two subpopulations are summarized as CD16 þ monocytes, which † The first two authors contributed equally to the study.
have traditionally been considered to represent proinflammatory monocytes, comprising 10-20% of all circulating monocytes. 6, 7 Very recently, animal studies demonstrated a specific contribution of certain monocyte subsets to atherogenesis. 8, 9 Furthermore, we found that patients with coronary artery disease have increased numbers of CD16 þ monocytes compared with healthy controls. 10 Interestingly, in 2003, an obesity-associated macrophage accumulation in adipose tissue has been described in mice. 11 So far, in humans, an association between monocyte heterogeneity and obesity has not been evaluated in a large epidemiological study.
In the prospective I LIKE HOMe study (Inflammation, Lipoprotein Metabolism and Kidney Damage in early atherogenesis-The Homburg Evaluation), we hypothesized that CD16 þ monocytes are related to both obesity and atherosclerosis.
Methods Subjects
The I LIKE HOMe study is a cohort study which recruited 622 healthcare workers employed at the Saarland University Hospital in Homburg, Germany. Healthcare workers aged 25 -60 years who were scheduled to undergo routine medical checkups were invited to an ultrasonographic examination of the carotid arteries. Participants were excluded, if they had prevalent cardiovascular disease, diabetes mellitus, active tumour disease, inflammatory/autoimmune disease requiring systemic immunosuppressive treatment, or chronic kidney disease stage 4 -5 (corresponding to estimated glomerular filtration rate ,30 mL/min/1.73 m 2 ). Prevalent cardiovascular disease was defined as a history of myocardial infarction, coronary artery angioplasty/stenting/bypass surgery, major stroke, carotid endarterectomy/ stenting, non-traumatic lower extremity amputation, or lower limb artery bypass surgery/angioplasty/stenting.
Written informed consent was obtained from all study participants. The study protocol was approved by the Ethics Committee of Saarland University.
A standardized questionnaire was used to record a history of smoking, diabetes, current drug intake, cardiovascular comorbidity, and a family history of premature onset of cardiovascular disease (defined as myocardial infarction or stroke before the age of 60 years in first-degree relatives). Anthropomorphometric measurements and resting blood pressure were recorded. Body mass index (BMI) was calculated as individual's body weight divided by the square of their height, and categorized as underweight . Owing to the low number of patients with extreme obesity, obesity Classes II and III were summarized as a single category. Systolic blood pressure (SBP), diastolic blood pressure (DBP), and heart rate were measured after 5 min of rest. Mean blood pressure was calculated as DBP þ [(SBP2DBP)/3], and pulse pressure was calculated as SBP2DBP.
Participants were categorized as active smokers, if they were current smokers or had stopped smoking less than 1 month before entry into the study. All participants who had stopped smoking 1 month before study entry were categorized as former smokers. Individuals with self-reported diabetes mellitus, with a non-fasting blood sugar level of .11.10 mmol/L, with a fasting blood sugar level of .6.99 mmol/L, or with current use of hypoglycaemic medication were categorized as diabetic and were excluded from the study.
Categories of risk for coronary heart disease (CHD) were defined by Framingham risk scoring. Ten years risk for myocardial infarction and coronary death were determined using electronic calculators, which are available on the ATP III page of the National Heart, Lung, and Blood Institute Website (www.nhlbi.nih.gov/guidelines/ cholesterol). Subjects were arbitrarily stratified by their CHD risk into four categories (10 years risk ,1%, 1 -5%, 6 -10%, and .10%).
Biochemical analysis
Blood samples were taken from all subjects under standardized conditions. Plasma glucose, creatinine, total cholesterol, and high-density cholesterol (HDL-C) were obtained using standard techniques. Definition and classification of chronic renal disease followed the K/DOQI guidelines, 12 and glomerular filtration rate was calculated using the MDRD study equation (4). 12 Leucocyte and monocyte counts were measured with automated cell counters by standard techniques. Monocyte subpopulations were analysed via flow cytometry in a whole blood assay using 100 mL of heparin anti-coagulated blood, as described before. 13 In 
Carotid ultrasound
The intima media thickness (IMT) of the common carotid artery was measured from high-resolution, two-dimensional ultrasound images obtained by a linear-array 7.5 MHz transducer (Sonoline Siena, Siemens, Erlangen, Germany). With the subject in a supine position and the head slightly extended and turned to the opposite direction, longitudinal B-mode images of the distal common carotid artery and the carotid bulb were acquired and digitally stored for offline reading. The offline reading process was performed by a single-blinded investigator. Intima media thickness was defined as the distance between the leading edges of the lumen interface and the media-adventitia interface of the far wall. Three representative IMT measurements were performed in the far wall of both common carotid arteries at predefined positions (1.0, 2.0, and 3.0 cm proximal to the bifurcation), and these six IMT readings were averaged to give the mean common carotid IMT. Intima media thickness was not measured at the site of a carotid plaque.
Impact of general and abdominal adiposity on monocyte heterogeneity
In the I LIKE HOMe trial, the distribution of body fat was not recorded. In order to study the association of monocyte subpopulations to abdominal and gluteofemoral obesity, assessed as waist circumference and hip circumference, respectively, we recruited a second study cohort of 115 subjects who were admitted to the Department of Internal Medicine III of the Saarland University Hospital for diagnostic coronary angiography between April 2007 and March 2008. Coronary artery disease, defined as 50% diameter stenosis in a major coronary artery, was ruled out in all 115 subjects.
Before coronary angiography, a blood sample was drawn for characterization of monocyte subpopulations, as described above, and measurements of waist circumference (at the midpoint between the lowest rib and the iliac crest) and hip circumference (at the trochanter major) were performed. Waist -hip ratio was defined as the ratio of waist girth to the circumference of the hips.
Statistics
Data management and statistical analysis were performed with SPSS 13.0. Unless indicated otherwise, continuous data are expressed as mean + standard deviation and compared by Mann-Whitney test. Categorical variables are presented as percentage of participants. Correlation coefficients were calculated by Spearman test. In addition, partial correlation coefficients were calculated to describe the relationship between IMT and BMI while controlling for the effect of CD16
þ monocyte counts.
We tested for a trend of IMT measurements and monocyte (subset) counts across (i) increasing predefined categories of BMI and (ii) increasing predefined categories of risk for CHD, respectively, by one-way analysis of variances (ANOVA), partitioning the between-groups sums of squares into trend components. Finally, subjects were stratified by quintiles of CD16 þ monocyte counts, and we tested for a trend of IMT measurements across increasing quintiles of CD16 þ monocyte counts.
Subsequently, a multivariate linear regression analysis was calculated, which included traditional cardiovascular risk factors (BMI, age, gender, serum total cholesterol, smoking, mean blood pressure) and CD16 þ monocytes as independent variables, and IMT measurements as dependent variable.
Two-sided P-values 0.05 were considered significant. For analysing correlation coefficients between leucocyte counts, monocyte (subpopulation) counts, and cardiovascular risk factors, the level of significance was adjusted for multiple testing by Holm correction.
Results

Baseline characteristics
Among the 622 healthcare workers recruited, 569 individuals were included in the present analysis. In 28 individuals, monocyte subset determination failed due to technical reasons, three individuals had no ultrasonographic examination of the carotid arteries, and the remaining 22 individuals met one or more exclusion criteria, as they had prevalent cardiovascular disease, systemic immunosuppressive treatment, diabetes mellitus, chronic kidney disease stage 4-5, or were aged more than 60 years.
The baseline characteristics of these 569 subjects are shown in Table 1 . Three hundred and sixty-two participants were female (63.6%), 101 participants had a family history of premature-onset cardiovascular disease (17.8%), and 175 subjects were current smokers (30.8%). normal weight had significantly lower IMT compared with subjects with overweight and obesity (ANOVA with post hoc Scheffé test; Figure 2 ). In addition, IMT measurements were significantly correlated with traditional cardiovascular risk factors [age: r ¼ 0.500; P , 0.001; mean blood pressure: r ¼ 0.394; P , 0.001; total cholesterol: r ¼ 0.187; P , 0.001; HDL-C: r ¼ (20.195); P , 0.001]; IMT measurements were higher in male participants than in females (0.45 + 0.09 mm vs. 0.42 + 0.07 mm; P , 0.001), and in former or current smokers (0.44 + 0.08 mm) than in participants who had never smoked (0.42 + 0.07 mm; P ¼ 0.011). As a consequence, we found a significant association between subclinical atherosclerosis and Framingham risk score-based categories of risk for CHD (Figure 3) .
Body mass index and subclinical atherosclerosis
Body mass index and leucocyte subpopulations
The I LIKE HOMe participants had a mean of 6760 + 1884 leucocytes/mL and 486 + 168 monocytes/mL (7. Table 2) . When calculating categories of risk for CHD, higher Framingham risk scores were associated with higher CD16 þ monocyte counts ( Figure 5 ).
CD16 1 monocytes and subclinical atherosclerosis
When stratifying subjects by quintiles of CD16 þ monocyte counts, IMT values significantly rose with higher CD16 þ monocyte counts ( Figure 6 ). In contrast, neither total monocyte counts nor counts of CD16 2 monocytes were associated with IMT measurements (data not shown). We recalculated the association between BMI and IMT after controlling for CD16 þ cell counts in a partial correlation procedure. The resulting correlation coefficient was r ¼ 0.282, which was lower than the univariate correlation coefficient of r ¼ 0.345 (both P , 0.0001), suggesting that the increase in CD16 þ monocyte numbers in obesity may partly explain the association between obesity and subclinical atherosclerosis. Finally, we calculated a multivariate linear regression analysis, which included traditional cardiovascular risk factors, BMI and CD16 þ monocyte counts as independent variables and IMT as dependent variable (Table 3) . Body mass index was independently associated with IMT measurements after adjustment for age and gender (Model 1), as well as after additional adjustment for CD16 þ monocyte counts (Model 2). When further adjusting for total cholesterol levels, arterial blood pressure, and current smoking (Model 3), the association between BMI and IMT 
Impact of general and abdominal adiposity on monocyte heterogeneity
The association between monocyte subset counts and the distribution of body fat was assessed in a second cohort of 115 patients with angiographic exclusion of coronary artery disease. Mean age of these 115 subjects was 63. 
Discussion
Obesity and atherosclerosis have both been characterized as chronic inflammatory diseases. As established decades ago, 14 monocytes and macrophages are the driving force in atherosclerosis-from earliest morphological atherosclerotic changes until final plaque rupture with potentially devastating outcome.
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In analogy, monocyte-derived macrophages have also been shown to accumulate in adipose tissue of obese mice, 11 where they contribute to a dysfunctional state with subsequent overexpression of proinflammatory cytokines and peripheral insulin resistance. 15 Of note, Passlick et al. 5 demonstrated in 1989 that morphologically and functionally distinct monocyte subsets exist: the majority of circulating monocytes are characterized by the surface expression of the LPS receptor CD14, whereas not expressing the FcgIII receptor CD16 (CD16 2 monocytes). A minority of monocytes co-expresses CD14 and CD16 (CD16 þ monocytes).
Subsequently, CD16 þ monocytes were shown to be potent producers of pro-inflammatory cytokines, 16 and an expansion of this subset was noted in multiple inflammatory disorders, e.g. sepsis, HIV infection, and tuberculosis, as recently reviewed.
6 Surprisingly, the role of CD16 þ monocytes in the inflammatory disease atherosclerosis was ignored until recently. In 2003, we reported a shift in monocyte subsets towards CD16 þ monocytes in patients with CHD compared with healthy controls. 10 Subsequently, the evaluation of the role of CD16 þ monocytes in early atherogenesis has been suggested as a research priority. 17 Not long ago, monocyte heterogeneity, monocyte heterogeneity was established in a murine model, 18 enabling researchers to study monocyte subsets in models of atherosclerosis. In two recent publications, a specific contribution of certain monocyte subsets to atherogenesis was confirmed. 8, 9 Lately, Auffray et al. 19 demonstrated that the murine counterparts of CD16 þ monocytes (Ly6C 2 monocytes) exhibit a 'patrolling behaviour', which is characterized by firm attachment to endothelial cells, crawling along the endothelium, and rapid extravasation following inflammatory stimuli. Once extravasated, Ly6C 2 monocytes start to secret proinflammatory cytokines and develop into macrophages. The authors hypothesized a selective role of this monocyte subset in atherosclerosis and considered these cells to be a potential therapeutic target.
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The I LIKE HOMe study reveals a significant association between counts of CD16 þ monocytes-but not of total monocytes or CD16 2 monocytes-and both obesity as well as subclinical atherosclerosis in a large cohort of healthy individuals. The association of CD16 þ monocyte counts with obesity is in line with a study in patients with morbid obesity. 20 When compared with healthy controls, 27 morbidly obese patients had a shift towards CD16 þ monocytes. Bariatric surgery with subsequent weight loss led to the lowering of pre-interventional elevated CD16 þ monocyte counts. The findings of our study might explain the seemingly puzzling results of previous large cohort studies which could not unanimously find a significant correlation between total monocyte counts and IMT despite the pivotal role of monocytes in atherogenesis. 21, 22 Similar to the distinction of different monocyte subpopulations, heterogeneity among macrophages has gained substantial interest in the last years. As outlined before, adipose tissue macrophages contribute to the metabolic disturbances due to obesity. The exact functional and phenotypic characterization of adipose tissue macrophage subpopulations is under current, controversial investigation. 23 -differences between both subsets of CD16 þ monocytes need to be more thoroughly investigated in the future. Analysing our epidemiological data in the light of previously published experimental findings, 8, 19 we propose the following hypothesis as a possible explanation for our results: obesity might exert its atherogenic potential partly via a shift from CD16 2 monocytes to CD16 þ monocytes, which in turn might accelerate atherogenesis by their previously described pro-atherosclerotic virtues, which include the preferential attachment to activated endothelial cells, 26 their ability to migrate into the vessel wall, to differentiate into macrophages, 19 and to secrete proinflammatory cytokines. 16 Future studies are needed to test this hypothesis. These studies should especially aim to delineate mechanisms by which adipose tissue affects monocyte differentiation, and whether therapeutic interventions such as weight reduction by life-style modification or pharmacotherapy exert their beneficial physiological effects partly by normalizing monocyte subset distribution.
Given its nature as a cohort study, the I LIKE HOMe study can merely show associations, but not prove causal relations. In order to examine the prognostic impact of increased CD16 þ monocyte counts on future cardiovascular events, we are currently initiating a prospective study in patients with manifest CHD.
In the present study, we deliberately decided to recruit a cardiovascular low-risk population in order to study early stages of atherosclerosis. This imposes a further limitation on our study, as measurements of IMT were virtually within normal ranges, and thus carotid ultrasound may represent a crude tool to assess early atherosclerosis. Therefore, correlation coefficients between IMT and monocyte subsets were expected to be moderate. Nevertheless, the predefined level of significance was achieved in univariate analysis. As in our study, other cohort studies that recruited comparable low-risk individuals found only weak associations between IMT and other biomarkers for atherosclerosis. 28 Not surprisingly, the association of CD16 þ monocyte counts and BMI with subclinical atherosclerosis failed to achieve statistical significance in a linear multiple regression analysis after adjustment for traditional cardiovascular risk factors. This does not preclude a causal link between inflammation, obesity, and subclinical atherosclerosis, as some of these traditional risk factors-notably serum cholesterol levels and arterial blood pressure-are affected by obesity. Thus they should be considered as mediators of the presumed pro-atherosclerotic potential of obesity and inflammation, rather than as confounders. In summary, we show for the first time a subset-specific relation between CD16 þ monocytes and both subclinical atherosclerosis as well as obesity in a large cohort of healthy volunteers. We thus provide epidemiological data for a role of CD16 þ monocytes in the relation between obesity and atherogenesis.
